We study "Kaluza-Klein (KK) bursts" as a source of ultrahigh-energy cosmic rays (UHECRs). The KK burst is a violent energy transfer from extra dimensions to ordinary dimensions through the collision between two Kaluza-Klein (KK) modes. In this scenario, the size of extra dimensions is required to be in the range 10 −27 -10 −25 cm in order to account for the observed spectrum. Instead of smoothly distributed KK modes that produce too few UHECRs, we suggest that clumped KK modes such as stellar compact objects which consist of KK modes (e.g. KK stars, KK dwarfs, KK MACHOs, etc.) and "KKonium" (i.e. bound states of KK modes) are good candidates for generating UHECRs. A possible signature of KK compact objects is the small-scale clustering of UHECR events. The KK burst scenario makes it possible to build a top-down model without introducing new particle species. We point out in particular that extra dimensions are good energy bearers against the energy pillage by GZK-like mechanisms in the journey to the earth as well as that by collisions within the powerful sources of UHECRs, so that they not only can play an important role in top-down models, but also can help bottom-up models work. *
More than one thousand ultrahigh-energy cosmic ray (UHECR) events of energies above 10 19 eV have been detected in the past ten years. In particular, the events above 10 20 eV have fired the controversy about the origin of such high energy particles and the existence of Greisen-Zatsepin-Kuzmin (GZK) cutoff, an energy cutoff in spectrum caused by the GZK mechanism [1, 2] . AGASA data show no cutoff [3, 4] , while HiRes data admit a cutoff in spectrum around 10 20 eV [5] . No matter the cutoff exists or not, the detection of UHECRs has brought us various challenges and inspired a lot of creative ideas and imaginations for an ultrahigh-energy part of this world.
The difficulties in UHECR models are mainly caused by two ingredients of observational results, ultrahigh energies and roughly isotropic arrival directions. Ultrahigh energies make it difficult, in bottom-up models (for a review, see [6, 7] ), to find powerful enough sources which are qualified to accelerate particles from low energies to high enough energies, in particular, under continuous energy losses via the GZK mechanism in these particles' journey to the earth. This difficulty leads to the GZK puzzle. In addition, isotropic arrival directions make it unlikely to explain the UHECR events via only a few sources, unless their trajectories can have been significantly deflected by cosmic magnetic fields.
The situation is different in top-down models (for a review, see [7] ), in which UHECRs are produced via decays of very massive particles (or topological defects) that may be relics of the early universe. Therefore energy may not be an issue if the mass of original particles is large enough. These very massive relic particles might behave like some sort of dark matter and reside in the local dark halo, waiting for decays that generate UHECRs reaching us. In this case, the roughly isotropic distribution of arrival directions is not an issue, either. Nevertheless, we know little yet about such exotic, very massive particles. Their existence is beyond the Standard Model of particle physics and unconfirmed.
In this paper we propose a new mechanism for generating UHECRs by making use of extra (spatial) dimensions, whose existence is required by various theories beyond the Standard Model such as string theories. Our goal is to find a possible origin of UHECRs that can avoid GZK energy losses without introducing new particle species. We will consider compact extra dimensions (as had been used in Kaluza-Klein theories [8] ) and use some of their essential features to achieve this goal.
In an extra dimension with finite size, the momentum is quantized, as a quantum nature, in the following way,
where l ED is the size of the extra dimension. As a terminology in this paper, an excitation in extra dimensions is called Kaluza-Klein (KK) mode (while a ground state with zero-momentum in extra dimensions is called KK zero mode), its discretized momentum P kk is called KK momentum, and the corresponding quantum number n kk is called KK (quantum) number. HereP kk denotes one unit of KK momentum. We will use the symbol KK n to denote a KK mode with KK number n. A KK n mode and a KK −n mode will be called KK mode and anti-KK mode.
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As required by momentum conservation in extra dimensions, KK number is conserved module two, that is, KK modes must be created or annihilated in pairs. This feature can be a good defender against the energy pillage by the GZK mechanism and other similar energy degrading processes, to be called GZK-like mechanisms.
In a usual way of thinking about GZK-like mechanisms, ultrahigh-energy particles will lose energy through the scattering with background particles or fields, such as background photons (cosmic microwave background, radio background and infrared background), relic neutrinos, and cosmic magnetic fields. Nevertheless, due to KK momentum conservation, the energy stored in extra dimensions (i.e. KK momentum) is hardly dissipated through the interactions with background particles that are KK zero modes. The rough picture is sketched in Fig. 1 Figure 1 : This figure sketches a collision between a KK mode with nonzero KK momentum P kk and a KK zero mode (e.g. background particles in the universe). Because of KK momentum conservation, the nonzero KK momentum should be carried by at least one of the outgoing particles, and thereby is well protected through this kind of scattering.
This feature can help the bottom-up scenario get rid of two essential difficulties. In bottom-up models, particles need to be accelerated to ultrahigh energies within certain extreme astrophysical environments. Usually these extreme environments are very dense. How ultrahigh-energy particles escape from these dense regions without losing much energy through the scattering with particles therein is one of the essential difficulties. In addition, particles of energies above the GZK cutoff will lose energy along their travel through the universe. This energy loss is so significant that it is unlikely to maintain the energy beyond the GZK cutoff after travelling a distance larger than 50 Mpc. Unfortunately, there are very few powerful enough sources within the GZK zone, the region with a radius of 50 Mpc around the earth. How these rare powerful sources can produce the UHECR spectrum and the distribution of arriving directions is the other essential difficulty. However, if these ultrahigh energies are carried by KK momentum of KK modes, they will have much better chance to be carried out of the dense regions and travel a long distance even much larger than 50 Mpc without losing energy significantly.
In addition to the collision with KK zero modes such as background particles, a KK (nonzero) mode also has the chance to collide with another KK mode. When a KK mode collides with an anti-KK mode, the energy stored in extra dimensions may be transferred to ordinary dimensions, as sketched in Fig. 2 . If the size of extra dimensions is extremely small such that the corresponding KK momentum is extremely large, this energy transfer will be very violent. For a three-dimensional observer, this process looks like a burst caused by a collision between two very heavy particles, 2 through which a large amount of energy is released from the mass of incoming particles to the kinetic energy of outgoing particles. This burst is dubbed "KaluzaKlein (KK) burst" in this work. This violent energy transfer from extra dimensions to ordinary dimensions provides a possible mechanism for generating UHECRs. In the following we study two parts of contributions of KK bursts to UHECRs, one from KK modes in the local dark halo and the other from those in the GZK zone. In calculating the UHECR differential flux originated from KK bursts, we consider the simplest channel: a KK +1 mode collides with a KK −1 mode, creating two outgoing KK zero modes with large kinetic energy (in ordinary dimensions), which then produce two leading jets through fragmentation. We assume that both the distribution of KK +1 modes and that of KK −1 modes can be described by the number density n kk (r), where r is the position vector measured by observers on earth. In addition, we assume that KK momentum dominates the energy of each KK (±1) mode (i.e.P kk is much larger than the mass and the momentum in ordinary dimensions), so that the gain of a large amount of kinetic energy for each outgoing KK zero mode mainly comes from KK momentum.
KK Burst
For a three-dimensional observer, such a KK burst looks like pair annihilation of two heavy particles with (effective) mass aboutP kk .
3 The possibility that UHECRs originate from the annihilation of superheavy dark matter has been considered by Blasi, Dick, and Kolb [9] . It is straightforward to employ the formulation therein to study the spectrum of UHECRs generated by KK bursts.
Following [9] , the formula for the spectrum of UHECRs originated from KK bursts can be written as
where F denotes the flux of UHECRs and dN (E, E jet )/dE is the fragmentation spectrum from a jet of energy E jet . As indicated in the above equation, for calculating the spectrum F we need to know the KK burst cross-section σ B and the number density of KK ±1 modes n kk . Unfortunately, so far the knowledge about the cross-section at such high energies is poor. In the following calculations, we will introduce the unitary bound to the KK burst cross-section,P −2 kk , and utilize the ratio α kk ≡ σ B v /P −2 kk , which can be regarded as an effective coupling constant associated with KK bursts. As regard to the number density n kk , we will introduce the energy density of dark matter to give an upper limit to the energy density of KK modes ρ kk (i.e. n kkPkk ).
As indicated in [9] , for the consistency with the observed UHECR spectrum in the model of superheavy dark matter annihilation, the preferred value of the mass of superheavy dark matter is in the range 10 21 -10 23 eV, and the corresponding value of the flux F should range from 0.4 km −2 yr −1 (for mass 10 21 eV) to 7 km −2 yr −1 (for mass 10 23 eV). These results can be applied to the KK burst model. Accordingly, the preferred value of one-unit KK momentumP kk is in the range 10 21 -10 23 eV, i.e. the corresponding size of extra dimensions ranges from 10 −27 cm to 10 −25 cm, and the flux F provided by KK bursts needs to reach the value mentioned above, that is, forP kk = 10 23 eV, l ed = 10 −27 cm .
We first consider a toy model in which KK ±1 modes are uniformly distributed with a constant number density n kk(halo) in the local halo. In this model, the flux F is simply
Choosing the characteristic size of the local halo to be 30 kpc and the distance of the solar system from the halo center to be 8 kpc, we obtain
where
kk as already mentioned, and ξ kk(halo) ≡ ρ kk(hlao) /ρ halo (i.e. n kk(halo)Pkk /ρ halo ), which is the fraction of the energy density of dark matter contributed from KK modes in the local halo. We note that in the above equation we have introduced the unitary boundP −2 kk to the KK burst cross-section σ B v and the energy density of the local halo, ρ halo = 2-13 × 10 −25 g cm −3 , as an upper limit to the energy density of KK modes in the halo ρ kk(halo) . As indicated in Eq. (4), the flux F is proportional toP In the same way, we can calculate the flux contributed from the uniformly distributed KK modes within the GZK zone. We obtain
where ξ kk(gzk) ≡ ρ kk(gzk) /ρ dm , which is the fraction of the energy density of dark matter contributed from KK modes within the GZK zone. Here we have introduced the energy density of the dark matter in the universe, ρ dm = 1.4-4.3 × 10 −30 g cm −3 , as an upper limit to the energy density of KK modes within the GZK zone ρ kk(gzk) . This flux is generally much smaller than that originated in the local halo, and is also far below the required values in Eq. (2) .
Nevertheless, KK modes may clump together in small regions and form compact objects through gravity. The larger number density in these clumps can enhance the flux F because of the non-linearity with respect to n kk in Eq. (1).
We first consider the sub-galactic clumps of KK modes in the local halo. For simplicity, we assume that KK modes are uniformly distributed with a constant number density n ′ kk in each clump, clumps are uniformly distributed in the halo, and each clump has identical mass (including the effective mass contributed from KK momentum). In this case, the formula for the flux F is
Compared with Eqs. (3) and (4), the above formula contains an additional enhancing factor (n ′ kk /n kk ) halo , the ratio of the over-density n ′ kk in each clump to the mean density n kk(halo) in the halo. This factor can substantially enhance the flux if the sub-clumps of KK modes are over-dense significantly.
For reaching the required flux F in Eq. (2), the ratio (n ′ kk /n kk ) halo needs to be as large as follows:
or, equivalently,
forP kk = 10 23 eV , (11) where (ρ ′ kk ) halo is the energy density of KK modes in each clump in the halo, i.e. (n ′ kkP kk ) halo .
In the same way, the contribution from the clumps of KK modes in the GZK zone can be written as
where (n ′ kk /n kk ) gzk is the ratio of the over-density in each clump to the mean density in the GZK zone. For reaching the required flux F in Eq. (2), the ratio (n ′ kk /n kk ) gzk should be as follows: The number density ratios in Eqs. (8), (9), (14), and (15) are not so large as they look like. For comparison, we list in the following table the minimal values of the above ratios as well as the nucleon number density ratios of several stellar objects (the sun, the earth, white dwarfs, and neutron stars) to the background (the galactic disk and the universe).
in unit of: Here n N (disk) is the nucleon number density in the galactic disk, and n B is the baryon number density in the universe. We can see that, in both the case of the local galaxy and the case of the GZK zone, the minimal value of the ratio n ′ kk /n kk is comparable to the nucleon number density ratio of the earth or a low-density white dwarf to the background (the galactic disk or the universe) forP kk = 10 21 eV, and is comparable to that of a low-density neutron star forP kk = 10 23 eV. This is a hint that the detected UHECRs are generated via KK bursts within some kinds of stellar compact objects which consist of KK modes, such as "KK stars", "KK dwarfs", and in particular the massive compact halo objects made of KK modes, to be called "KK MACHOs".
This hint is also provided by comparing energy densities in the following table.
A :
halo ( This table indicates that forP kk = 10 21 eV the minimal energy density of clumped KK modes is comparable to the mass density of the earth or a low-density white dwarf, and forP kk = 10 23 eV it increases to the value comparable to that of a high-density white dwarf or a low-density neutron star.
In addition to KK stellar compact objects, a KK burst may take place in a bound state of a KK mode and an anti-KK mode. We call such a bound state "kkonium". Through the KK burst, these two originally bound KK modes in kkonium will get a large amount of kinetic energy from extra dimensions and become two unbound, extremely energetic KK zero modes.
For a three-dimensional observer, this process looks like the decay of a superheavy particle (of mass about 2P kk if each constituent KK mode carries one unit of KK momentum). The possibility that UHECRs are produced at the decays of metastable superheavy particles has been proposed by Berezinsky, Kachelrieß and Vilenkin [11] and by Kuzmin and Rubakov [12] . As shown in [9] , if these superheavy particles account for the dark matter in the local halo and their decays produce the detected UHECRs, their mass M X and the corresponding decay width Γ X should be as follows: 
From the above information we can estimate the requisite characteristic size R kkonium of kkonium (i.e. the characteristic distance between two constituent KK modes) for the case in which the decays of kkonium systems account for the generation of UHECRs. For kkonium systems consisting of KK ±1 modes, we have
kk cm forP kk = 10 23 /2 eV .
The above size is much larger than the Bohr radius of kkonium, which is roughly equal to or a few orders of magnitude larger than the inverse of the KK momentum.
This means that such kkonium should be in a highly excited state. For the other case in which kkonium systems contribute only a tiny fraction of dark matter, the requisite decay width may be much larger and accordingly the size of kkonium should be much smaller. This issue is of our great interest and is under investigation.
In this paper we have made use of extra dimensions to overcome various difficulties in UHECR models. The most essential difficulty is the energy, its unusual largeness under the energy pillage by GZK-like mechanisms. Against this energy pillage, we showed that extra dimensions are good energy bearers, as benefiting from KK momentum conservation, which can protect the energy therein when particles travel through the universe. This feature of extra dimensions may be of great benefit to bottom-up models because it can help particles of large energies escape from the source (usually a very dense region) without losing much energy and moreover, make it possible for UHECR sources to be located outside the GZK zone. Regarding the unusual largeness of the energy, the violent energy transfer from extra dimensions to ordinary dimensions through KK bursts can easily reach arbitrarily high energies as long as the size of extra dimensions is small enough. In addition, KK bursts can be the origin of ultrahigh-energy neutrinos employed in the Z-burst model of UHECRs [13, 14, 15] .
In contrast to smoothly distributed KK modes that produce too few UHECRs, clumped KK modes, such as KK stellar compact objects (KK stars, KK dwarfs, KK MACHOs, etc.), are possible origins of the detected UHECRs. For the consistency with the observed spectrum, the minimal energy density of KK stellar objects should range from the mass density of a low-density white dwarf to that of a low-density neutron star for the corresponding size of extra dimensions ranging from 10 −25 cm to 10 −27 cm (i.e.P kk = 10 21 -10 23 eV). The assertion that UHECRs are originated from stellar compact objects may also hold in the superheavy dark matter annihilation model. In addition to KK stellar compact objects, kkonium is also a good candidate for generating UHECRs. The detailed properties of the kkonium decay and the resultant UHECR spectrum are worthy of further investigation.
A homogeneous distribution of clumped KK modes within the GZK zone can explain the roughly isotropic arrival directions. In contrast, UHECRs from clumped KK modes with isotropic distribution in the galaxy should be anisotropic: more from the side of the galactic center, while less from the other side. Furthermore, UHECRs from KK compact objects should exhibit the small-scale clustering in arrival directions, which has been indicated by AGASA data [16] (see also [17, 18] ), and maybe also the dispersion in arrival times of these clustering events. These are possible characteristic signatures of KK compact objects.
In this work we adopt QCD fragmentation to play a role in the production of UHECRs after KK bursts. UHECRs originating from such fragmentation are mostly photons and neutrinos, which seem to be disfavored by present data. Nevertheless, in the KK burst scenario QCD fragmentation may not be necessary when the KK modes involved are neither quarks nor gluons. It is possible that KK modes can maintain their species during KK bursts, that is, they only transfer momentum from extra dimensions to ordinary dimensions but not change their identities in particle contents. In this case, different species of KK modes in KK bursts provide different composition of UHECRs. For clarification, possible composition of KK modes and other fragmentation processes are under our investigation.
In summary, extra dimensions are good energy bearers against the energy pillage by GZK-like mechanisms in the journey to the earth as well as that by collisions within the powerful sources of UHECRs, so that they can help bottom-up models work. KK bursts can generate extremely energetic particles that result in observed UHECR spectrum. This fact makes it possible to build a top-down model without introducing new particle species. Therefore, from both bottom-up and top-down viewpoints the KK burst scenario presents a new feasible way to understanding UHECRs. Accordingly, the details of UHECRs may provide important information about extra dimensions, such as the size, the geometry, and the number of extra dimensions.
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